Tlx (Hox11) genes are orphan homeobox genes that play critical roles in the regulation of early developmental processes in vertebrates. Here, we report the identification and expression patterns of three members of the zebrafish Tlx family. These genes share similar, but not identical, expression patterns with other vertebrate Tlx-1 and Tlx-3 genes. Tlx-1 is expressed early in the developing hindbrain and pharyngeal arches, and later in the putative splenic primordium. However, unlike its orthologues, zebrafish Tlx-1 is not expressed in the cranial sensory ganglia or spinal cord. Two homologues of Tlx-3 were identified: Tlx-3a and Tlx-3b, which are both expressed in discrete regions of the developing nervous system, including the cranial sensory ganglia and Rohon-Beard neurons. However, only Tlx-3a is expressed in the statoacoustic cranial ganglia, enteric neurons and non-neural tissues such as the fin bud and pharyngeal arches and Tlx-3b is only expressed in the dorsal root ganglia. q
Results and discussion
The Hox11-related genes are a family of orphan homeobox transcription factors located outside the Hox genes paralog clusters and involved in a variety of developmental pathways. While Tlx-1/Hox11 is essential for spleen development (Roberts et al., 1994 (Roberts et al., , 1995 Dear et al., 1995) , Tlx-2 regulates enteric neuron specification (Hatano et al., 1997; Shirasawa et al., 1997) and Tlx-3 affects development of the nucleus of the solitary tract and noradrenergic centers that control respiration rate (Shirasawa et al., 2000; Qian et al., 2001 ).
Molecular analysis of zebrafish Tlx genes
A degenerate PCR strategy was used to isolate members of the zebrafish Tlx gene family. All three identified genes encode proteins with high amino acid similarity to their corresponding vertebrate orthologues (Fig. 1A, B) . However, Tlx-3b shares a higher degree of amino acid identity with vertebrate Tlx-3 proteins than Tlx-3a. Phylogenetic analysis ( Fig. 2A ) places zebrafish Tlx-1 and Tlx-3b within different clades, clustered with other Tlx-1 and Tlx-3 family members, respectively, while Tlx-3a falls outside either of these groups. Recently, Andermann and Weinberg (2001) described a zebrafish Tlx gene (Tlx-A) corresponding to Tlx3a in amino acid sequence and phylogenetic assignment. All zebrafish Tlx family members map to conserved syntenic regions in the human genome (Fig. 2B, C) . Specifically, zebrafish Tlx-1 maps to zebrafish chromosome 13, in a chromosomal region sharing partial synteny with the human chromosome 10q24 region where HOX11/TLX-1 is mapped (Dube et al., 1991; Hatano et al., 1991; Kennedy et al., 1991) (Fig. 2B) . Similarly, zebrafish Tlx-3a and Tlx-3b map to zebrafish chromosomes 14 and 10, respectively, in regions with partial synteny to human chromosome 5q34-35, where HOX11L2/TLX-3 is located (Fig. 2C ) (Lee-Kirsch et al., 2001; Cinti et al., 2001 ).
Expression of zebrafish Tlx genes
Tlx-1 expression is detected by 24 hour postfertilization (hpf) in the presumptive pharyngeal arches and neurons Alignment of zebrafish, Xenopus, chicken, human Tlx-3 proteins and human TLX-2. The 1780 bp Tlx-3a cDNA encodes a 301 amino acid protein, while the 2289 bp Tlx-3b cDNA encodes a protein 300 amino acids in length. In both (A) and (B), the FPWM-PBX binding domain is shown by (#) and gaps introduced to maximize alignment are indicated (·). Homeobox domain is underlined, and gray boxes indicate four highly conserved TH domains. Amino acids conserved across all species are indicated (*), while amino acid residues conserved among Tlx-3 family members that are not conserved in TLX-2 are designated (1). Sequence alignments were made using GCG. The GenBank accession numbers for the zebrafish Tlx genes are Tlx-1/Hox11 #AF398517, Tlx-3a #AF398518 and Tlx-3b #AF398519.
segmentally distributed in the hindbrain and cerebellum (Fig. 3A-C Fig. 3D-F) , and is barely detectable by 5 days postfertilization (dpf), except for a subset of cerebellar neurons (Fig. 3G, H) . By 5 dpf, Tlx-1 is detected asymmetrically on the left side of the developing anterior gut, in a position corresponding to the splenic primordia. The developmental expression pattern of Tlx-1 is highly conserved between species (Raju et al., 1993; Logan et al., 1998; Patterson and Krieg, 1999) and similar to its vertebrate homologues, zebrafish Tlx-1 is expressed in the developing hindbrain, branchial arches and splenic primordia. Notably, expression of Tlx-1 in the cranial 1 ) and Drosophila Tlx genes and chromosomal synteny between zebrafish and human TLX family members. (A) Phylogenetic analysis places the Tlx-1 proteins within one clade and Tlx-3 proteins in another. Tlx-3a fails to group with either Tlx-1 or Tlx-3 family members. (B) Synteny between the Tlx-1 genes in human and zebrafish. Zebrafish Tlx-1 maps to chromosome 13 in the vicinity of pax2.1 (Accession # x63961), TATA-binding protein associated factor 170 (TAFII, fb79b10), Lim-domain binding factor 4 (LDB4, af031378), fibroblast growth factor 8 (fgf8, af034264) and retinol-binding protein III (rbpIII, fb69e02), whose human homologues map close to Hox11, on chromosome 10q24. (C) Zebrafish Tlx-3a and Tlx-3b map to chromosome 14 and 10, respectively. Zebrafish Tlx-3a lies in close proximity to homologues of protocadherin gamma A11 (fc45f08), CD74 antigen (fb12a01), heterogeneous nuclear riboprotein A/B (hnrnpA/B, fa18g02), histidyl-tRNA synthetase (RH-zonmapper# CHUNP228, 255), and ubiquitin-conjugating enzyme E2D2 (RH-zonmapper# CHUNP 235, 248). Tlx-3b lies close to eukaryotic peptide chain release factor subunit 1 (eRF, fb52g05) and nucleophosmin (fb38d12). The human homologues of these genes map to chromosome 5, close to Hox11L2 at 5q34-35. Phylogenetic analysis was completed using Jotun Hein and Clustal multiple alignment algorithms (MegAlign). Tlx genes were mapped on the Goodfellow Radiation hybrid panel using 3 0 untranslated sequences (ZonRHmapper). (Logan et al., 1998) and provide the earliest marker of splenogenesis to be identified in zebrafish.
Tlx-3a and Tlx-3b transcripts are detected at the 3-somite stage in two bilateral stripes of cells corresponding to developing neurons within the neural plate. At this early stage, these cells are likely to be Rohon-Beard sensory neurons. The anterior group of cells represents the presumptive trigeminal sensory ganglia (Fig. 4A, B , G, H, Table 1 ). At 18 hpf, both genes are expressed in the Rohon-Beard neurons along the trunk, the trigeminal ganglia, and the anterior lateral line. By 22-24 hpf, Tlx-3a and Tlx-3b expression partially overlaps, with both genes being expressed in the trigeminal and anterior lateral line ganglia, and segmentally distributed neurons of the hindbrain (Fig . Fig. 4 . Analysis of Tlx-3a and Tlx-3b RNA expression in early developing zebrafish. Expression of Tlx-3a in a 3-somite embryo (A,B). Expression of Tlx-3a (blue) and Pax2.1 and Krox20 (red) in a 22 hpf embryo (C,D). The box in (C) shows a magnified view of the dorsal spinal cord and the discrete expression of Tlx-3a in Rohon-Beard neurons and Pax2.1 in commissural neurons. Expression of Tlx-3a in the nrm mutant (F) and a wild-type sibling (E) at 20 hpf. Note the lack of expression in the trunk Rohon-Beard neurons in the mutant (asterisk) while anterior expression in the cranial sensory ganglia and hindbrain remains unaffected. Similar results were obtained for Tlx-3b (data not shown). Expression of Tlx-3b at the 3-somite stage (G,H). Expression of Tlx-3b (blue) at 24 hpf (J,L) and at 35 hpf (I,K). Expression of Pax2.1 and Krox20 in red in (J) and Pax2.1 (red) alone in (I,K). Panels A, C, E-G, I, K, L are lateral views with dorsal upwards and anterior to the left. Panel B and H are dorsal views with anterior upwards, and Panel D and J are dorsal views with anterior to the left. Abbreviations: Tg, trigeminal ganglia (V); RB, Rohon-Beard neurons; SA, statoacoustic ganglia (VIII); ALL, anterior lateral line; E, epibranchial ganglia (IX/X); PA, pharyngeal arches; Cm, commissural neurons; npc, nucleus of the posterior commissure; m/h, midbrain-hindbrain boundary; hb, hindbrain; r3, rhombomere 3; r5, rhombomere 5; ov, otic vesicle; os, optic stalk; pd, pronephric duct; DRG, dorsal root ganglia. Presumptive Rohon-Beard neurons and trigeminal ganglia are indicated in parentheses (A,B,G,H). Scale bars (lower left) ¼ 100 mm. 4D, L). However, only Tlx-3a is detected in the statoacoustic ganglia and pharyngeal arches (Fig. 4C, D) . Both genes are also specifically expressed in Rohon-Beard neurons (Fig.  4C , E, L), which can be distinguished from Pax2.1-expressing commissural interneurons in the spinal cord (Fig. 4C,  insert) (Mikkola et al., 1992) . Furthermore, Tlx-3a and Tlx3b expressions were not detected in the spinal cord of the narrowminded zebrafish mutant, which lack Rohon-Beard neurons in the trunk (compare Fig. 4E and F, asterisk) but exhibit normal commissural interneurons (Artinger et al., 1999) . Both Tlx-3 genes are also expressed in a subset of diencephalic neurons, comprising the nucleus of the posterior commissure (npc) (Figs. 4C, I and 5A, B, D, E). Double in situ hybridization assays show that both Tlx-3 genes are coexpressed in the npc with islet-1, a gene known to be expressed in these neurons (data not shown) (Inoue et al., 1994) .
During pharyngula stages, expression of both genes is seen in prominent clusters of hindbrain neurons forming transversely oriented columns, and expression in the epibranchial ganglia increases dramatically (Fig. 5A, D) . Between 30-48 hpf, Tlx-3b is distinguished by its segmental expression in the developing dorsal root ganglia (DRG) along the trunk, extending posteriorly to the end of the hindyolk (Fig. 4K) . At least one Tlx-family member is expressed in the DRGs of zebrafish, mouse, and chicken, suggesting that the Tlx genes may have a conserved function in vertebrate DRG-development. By 48 hpf, the expression of Tlx-3 genes is lost in Rohon-Beard neurons. Between 48 and 72 hpf, Tlx-3a is detected in cells along the developing gut (data not shown), consistent with its reported expression in enteric neurons (Andermann and Weinberg, 2001 ). Unlike Tlx-3b, and other known vertebrate Tlx-3 genes (Logan et al., 1998 , Uchiyama et al., 1999 , Patterson and Krieg, 1999 , Roberts et al., 1995 , Tlx-3a is expressed in non-neuronal tissues including the pectoral fin buds and the pharyngeal arches, particularly those associated with the epibranchial ganglia (Fig. 5A-C) .
The expression of Tlx-3a begins to decline at 72 hpf and by 5 dpf only remains in the trigeminal, epibranchial ganglia and gill arches while fading in the pectoral fin and statoacoustic ganglia (Fig. 5B, C) . Similarly, Tlx-3b also diminishes in the cranial sensory ganglia between 72 hpf and 5 dpf, however, expression in the posterior hindbrain persists and expression in the dorsal cerebellum increases over this period. The temporal and spatial expression of Tlx3a is consistent with that of zebrafish Tlx-A (Andermann and Weinberg, 2001 ), however, we were unable to detect expression in the semicircular canals.
Phylogenetic analysis suggests that Tlx-3a and Tlx-3b arose from a duplication of an ancestral Tlx-3-like gene. The mapping of both Tlx-3 genes to regions syntenic with human HOX11L2/TLX-3, and the similarity of expression patterns, supports this hypothesis and suggests that both are true members of the Tlx-3 gene family. However, only Tlx3b exhibits restricted, neural-specific expression and clusters phylogenetically with other vertebrate Tlx-3 homologues. Thus, Tlx-3b is more likely to be the functional Tlx-3 homologue in zebrafish. Determining the developmental roles of these Tlx-3 genes may provide insight into the diversification of function resulting from the duplication of genes in the zebrafish genome.
Methods
Degenerate PCR was used to amplify DNA fragments from cDNA prepared from 1-5 day zebrafish embryos. These fragments were then used to isolate full-length sequences, using RACE PCR (SMART RACE Marathon kit, Clontech) for Tlx-1 and Tlx-3a, or by screening a zebrafish brain cDNA library (RZPD, Heidelberg, Germany) for Tlx-3b. Whole-mount in situ hybridization assays were performed as described (Bennett et al., 2001 ).
